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Abstract

Purpose Acquired over a breath hold, multi-echo Dixon (mDixon) magnetic resonance imaging (MRI) of the liver can be
used to quantify proton density fat fraction (PDFF) and iron-related signal decay. However, young, obese, and co-morbid
patients may have limited breath holding capacity and could benefit from a motion-robust mDixon acquisition. The purpose
of this study was to compare hepatic PDFF and R2* values between navigator-gated and breath-held mDixon MRI acquisi-
tion techniques in children and young adults with suspected liver disease.

Materials and methods This retrospective study was institutional review board-approved with a waiver of informed consent.
Patients who underwent liver MRI with breath-held and navigator-gated mDixon sequences between January 2017 and
July 2018 were included. One reviewer, blinded to sequence, measured PDFF and R2* on four images from each sequence.
Another blinded reviewer graded respiratory motion (5-point Likert scale). Pearson correlation (r), Lin’s concordance coef-
ficients (r,), and Bland—Altman analyses were used to assess agreement between techniques. Frequency of clinically limiting
motion (score > 3) was compared with Fisher’s exact test.

Results Forty-two patients were included (15 female, 27 male; mean age: 15.7 +4.6 years). Mean PDFF and R2* were
16.6+13.1% and 29.3 +4.7 s~! (breath-held) versus 17.0 +13.2% and 29.6 +5.2 s~ (navigator-gated). PDFF agreed almost
perfectly between sequences (r,=0.997, 95% CI 0.994-0.998; mean bias: 0.3%; 95% limits of agreement: —2.4 to +1.7%),
while R2* values correlated very strongly but with poor agreement (r=0.837, r,=0.832, 95% CI 0.716-0.910). Navigator-
gated images exhibited significantly higher frequency of clinically limiting respiratory motion (88% vs. 48%, p=0.0001).
Conclusion Despite greater respiratory motion artifact, a free-breathing navigator-gated mDixon sequence produces PDFF
values with almost perfect agreement to a breath-held sequence.

Keywords Proton density fat fraction - Liver MRI - Respiratory triggering - Pediatric - R2* - T2*

Introduction

Magnetic resonance imaging (MRI) sequences employing a
multi-echo Dixon (mDixon) method exploit differences in
chemical shift to separate the MRI signals from water and
fat. Those signals can then be recombined using image math
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to generate water-only, fat-only, and in- and opposed-phase
images. Carefully crafted mDixon sequences also allow
quantification of liver proton density fat fraction (PDFF)
and T2* (or R2*=1000/T2%*) relaxation rate, which are
increasingly being used to characterize diffuse liver disease
in children [1-14]. PDFF values, generated from an mDixon
sequence, have been validated as an imaging biomarker of
hepatic fat content through correlation with historical ref-
erence standards, including steatosis grade determined by
histology and fat fraction obtained by magnetic resonance
(MR) spectroscopy, and are utilized clinically for the diag-
nosis and surveillance of non-alcoholic fatty liver disease
(NAFLD) [15-18]. Additionally, T2* or R2* values, derived
from an mDixon sequence, allow calculation of liver iron
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content with results shown to correlate strongly with tradi-
tional relaxometry methods [19-21].

Image acquisition of an mDixon sequence typically
requires a breath hold to minimize respiratory motion arti-
fact. However, breath holding capacity can be limited and
unreliable in children, who generally have higher and more
irregular respiratory rates than adults, and in patients of any
age with dyspnea or tachypnea [22, 23]. For this reason,
motion-robust imaging acquisition techniques, including res-
piratory compensation with gating using a navigator echo
(navigator-gating), would be of value for MR imaging of
children and certain adults.

The purpose of this study was to compare quantitative
mDixon sequences acquired with breath holding (standard of
care) and with navigator-gating in children and young adults
with suspected liver disease. Specifically, we sought to: (1)
define agreement between measured liver PDFF and R2*
values, (2) compare measureable region of interest (ROI)
size, and (3) compare severity of motion between the two
sequences. We hypothesized that liver PDFF and R2* meas-
ured on the navigator-gated images would strongly correlate
with the breath-held images and that the navigator-gated
acquired images would have less respiratory motion.

Methods

The institutional review board at Cincinnati Children’s Hos-
pital Medical Center approved this retrospective, Health
Insurance Portability and Accountability Act (HIPAA)-
compliant study. A waiver of documentation of informed
consent was granted.

All consecutive patients who underwent liver MRI exami-
nation for any clinical indication that included acquisition of
both a breath-held and navigator-gated mDixon sequence for
fat and R2* quantification at our institution between January
1, 2017 and July 25, 2018 were included in the study. Par-
ticipants were identified through a query of our institution’s
picture archiving and communication system (PACS) using
open-source software (SQuirreL SQL, http://squirrel-sql.
sourceforge.net). No patient-level exclusion criteria were
applied.

Patient demographic data, relevant medical history,
including etiology of liver disease, and clinical imaging
report data were derived from a query of the institutional
medical record (Epic Systems Corp., Verona, WI). Subject
height, weight, body mass index (BMI), and BMI percentile
obtained closest to, and within 100 days of, the MRI exam
were recorded.

Imaging protocol

All imaging examinations had been performed on HDx
1.5 Tesla (T) MR imagers (GE Healthcare, Waukesha,
WI). Detailed parameters for the mDixon (IDEALIQ®, GE
Healthcare, Waukesha, WI) sequences (breath-held and nav-
igator-gated) are provided in Table 1. For the breath-held
acquisition, patients were instructed to hold their breath in
end-expiration (duration of breath hold ~25-28 s). For the
navigator-gated acquisition, (acquisition time ~90-125 s) a
navigator echo was implemented as a 20 ms 2D pencil-beam
radiofrequency excitation pulse, with its long axis (coin-
cident with navigator read out direction) placed along the
superior—inferior (S/I) direction. The navigator RF pulse was
applied every 200 ms positioned to fall at the beginning and
end of each imaging block. Images were used to guide the
placement of the navigator on the most superior aspect of
the dome of the liver on the right side, centered anterior to
posterior. The navigator was placed so that the S/I extent
of the beam was split roughly 1/2-1/2 to 1/3-2/3 between
the lung and the liver. The navigator beam was typically
10-15 cm in length and 2 mm in width, with the user defined
acceptance window set to ~2 mm. Only k-space data that
was collected during periods when the diaphragm position,

Table1 MR pulse sequence parameters for the acquired mDixon
sequences

Parameter

Imaging platform GE HD23

Coil 8—Channel Cardiac

Sequence IDEAL 1Q®

Field strength (T7) 1.5

Technique/pulse sequence 3D Fast RF spoiled gradient
echo

Scan Plane Axial

Frequency direction Right/left

FOV (mm) 320-460

Matrix 220-256x 160

No. of signals acquired 0.724359-0.740909

TE (ms) Min Full (5.47-7.41)

No. of echoes 6

TR (ms) 11.24-21.525

Flip angle (degrees) 5

Bandwidth (Hz) 125K

No. of sections 20-40

Section (3D partition) thickness 8-10

(mm)
Acceleration ARC

Acceleration factor

2 phase; 2 slice

The only difference between the sequences was whether they were

acquired with a single breath hold or with navigator-gating
FOV field of view; TE time to echo, TR repetition time
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as determined by the navigator, fell within the user-defined
acceptance range during end-expiration, were retained and
used for image creation.

Image processing—hepatic PDFF and R2*

All PDFF and R2* measurements were performed using
a vendor-neutral post-processing platform (IntelliSpace,
Philips Healthcare, Best, the Netherlands). For the purpose
of this study, PDFF and R2* were measured by a single
reviewer, a medical doctor, (LAG) who first performed
measurements on all breath-held image series and, 1 week
later and blinded to the initial measurements, on all naviga-
tor-gated image series. The single reviewer measured hepatic
PDFF and R2* by drawing four free-hand regions of interest
(ROIs) on each the PDFF map and R2* map images, respec-
tively. ROIs were drawn to include as much liver paren-
chyma as possible while excluding the liver capsule, biliary
tree, large vessels, and discrete areas of artifact (Fig. 1) [24].
For each breath-held and navigator-gated series, four ROIs

were drawn, with each ROI placed on a separate axial image
spaced throughout the craniocaudal dimension to maximize
liver parenchymal sampling. No attempt was made to rep-
licate ROIs across slices within a series or between series.
For the purpose of further blinding, recording of PDFF and
R2%* values from individual ROIs was deferred until all
four ROIs were placed. PDFF values, R2* values, and ROI
areas were recorded. To ensure accuracy of ROI placement,
approximately 20% of the ROIs drawn for study purposes
(n=136/672) were reviewed by a board-certified pediatric
radiologist with more than 5 years of post-fellowship experi-
ence (ATT).

Calculation of hepatic PDFF and R2*

To account for variability in ROI size, PDFF and R2*
were expressed as a weighted mean of the four measured
mean values, each weighted by its respective ROI size. As
a secondary aim, we sought to define the impact of number
of ROIs on measured PDFF and R2*, and therefore, also

Fig. 1 Selected fat fraction parametric map images of an 11-year-
old male from the breath-held sequence (a, b) and navigator-gated
sequence (c, d) without a, ¢ and with b, d ROIs applied. Note the
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calculated PDFF and R2* based on a single ROI and as a
weighted mean of two and three ROIs. When PDFF and R2*
were calculated using fewer than four ROIs, the first one,
two, and/or three ROIs generated for each patient were used.

Imaging analysis—motion

De-identified fat fraction maps were reviewed by one board-
certified pediatric radiologist (ATT) who was blinded to
image acquisition technique (breath-held versus navigator-
gated). The reviewer assigned a respiratory motion-related
artifact score using the following scale: score 1, none; score
2, minimal with no effect on diagnostic quality; score 3,
moderate with some but no severe effect on diagnostic
quality; score 4, severe but images still interpretable; and 5,
extensive and images non-diagnostic. For statistical analysis,
qualitative motion scoring was dichotomized into “non-clin-
ically limiting” and “clinically limiting” motion, the latter
defined as a score of >3 (Fig. 1).

Statistical analysis

Continuous data were summarized as means and standard
deviations; categorical data were summarized as counts and
percentages. Student ¢ tests (paired and/or unpaired, two-
sided) and Fisher’s exact test were used for comparisons of
means and frequencies, including mean ROI area for PDFF
measurement, mean PDFF values, mean R2* values, and
frequency of clinically limiting motion between techniques.
Pearson correlation (r) and Lin’s concordance correlation
coefficient (r,) were used to assess agreement between con-
tinuous measures of PDFF and R2* including breath-held
versus navigator-gated technique using all four ROIs and
using one, two, or three ROI(s) only. Bland—Altman differ-
ence plots were created to further assess agreement/bias in
measurements of PDFF and R2* between breath-held and
navigator-gated techniques. Given the known greater coef-
ficient of variation in measured PDFF at lower PDFF val-
ues, analyses of PDFF data were repeated for the subset of
patients with a four ROI weighted mean PDFF less than
9% by at least one of the two imaging techniques [25]. The
9% threshold was selected based on visual inspection of the
study population data spread for PDFF.

Univariable and multivariable regression were performed
to define patient characteristics (age, sex, BMI, PDFF)
associated with qualitative clinically-limiting motion. P
values < 0.05 were considered statistically significant for
inference testing; 95% confidence intervals (CIs) were cal-
culated as appropriate. Pearson correlation coefficients were
classified by the following definitions: 0-0.19, very weak;
0.2-0.39, weak; 0.40-0.59, moderate; 0.60-0.79, strong; and
0.80-1.0, very strong [26]. Lin’s concordance correlation
coefficients were classified by the following definitions: less

than 0.90, poor agreement; 0.90—0.95, moderate agreement;
greater than 0.95-0.99, substantial agreement; and greater
than 0.99, almost perfect agreement [27]. All statistical anal-
yses were performed using SPSS (IBM, Armonk, NY), SAS
(SAS Institute, Inc., Cary, NC), MedCalc (MedCalc, Ostend,
Belgium), or GraphPad QuickCalcs (GraphPad Software,
La Jolla, CA).

Results

Forty-two patients had both breath-held and navigator-gated
acquisitions of the mDixon sequence performed during the
study period and were included in this study. Mean patient
age was 15.7 +4.6 years. Patient demographic information,
four ROI-weighted mean PDFF, and four ROI-weighted
mean R2* are summarized in Table 2.

Number and size of ROIs for PDFF

There were very strong-positive linear correlations between
PDFF measurements calculated as the weighted mean of
one, two, and three ROIs compared to four ROIs for each
of the breath-held and the navigator-gated sequences with
almost perfect corresponding Lin’s concordance correlation
coefficients (Table 3, Fig. 2).

Table 2 Demographic characteristics of study population

Parameter n=42
No. of male patients 27 (64.3)
Age (years) 15.7+4.6
Height (cm) 162.3+17.8
Weight (kg) 86.4+33.1
Female 71.3+£29.2
Male 94.7+33.2
BMI (kg/m?) 31.4+38.1
BMI percentile® (%) 87.1+23.4
Etiology of liver disease

NAFLD 28 (66.7)

Other 9(21.4)

Fontan 5(11.9)
PDEF (%)

Breath-held 16.6+13.1

Navigator-gated 17.0+13.2
R2* (s7h

Breath-held 29.3+4.7

Navigator-gated 29.6+5.2

Values are reported as counts and percentages and means =+ standard
deviations

n=34

@ Springer



2176

Abdominal Radiology (2019) 44:2172-2181

Table 3 Pearson correlation and

. . Technique  PDFF groups compared  Pearson correlation Lin’s correlation coef-

Lin’s concordance correlation ficient

coefficients for PDFF by ROI

number by imaging acquisition r 95% CI p value T, 95% CI

technique
BH 1 ROI versus 4 ROL 0.9988 0.9977-0.9994 <0.0001 0.9988 0.9978-0.9993
BH 2 ROI versus 4 ROIL 0.9996  0.9993-0.9998 <0.0001 0.9996 0.9993-0.9998
BH 3 ROI versus 4 ROIL 0.9999  0.9998-0.9999 <0.0001 0.9999 0.9998-0.9999
NG 1 ROI versus 4 ROIL 0.9983  0.9969-0.9992 <0.0001 0.9980 0.9965-0.9989
NG 2 ROI versus 4 ROIL 0.9994  0.9990-0.9997 <0.0001 0.9994  0.9989-0.9997
NG 3 ROI versus 4 ROIL 0.9999  0.9998-0.9999 <0.0001 0.9999  0.9998-0.9999

BH breath-held, NG navigator-gated, CI confidence interval

Regarding ROI size, there was no significant difference in
mean ROI area between the breath-held and navigator-gated
sequences (P=0.794) [Fig. 3].

PDFF by breath-held versus navigator-gated
techniques

There was very strong positive correlation between weighted
mean PDFF measurements based on four ROIs obtained
from the two sequences (r=0.997, 95% CI 0.994-0.998,
p<0.0001 [Fig. 4]) with an almost perfect correspond-
ing Lin’s concordance correlation coefficient (r,=0.997,
95% CI 0.994-0.998). Despite this, there was a statisti-
cally significant mean difference in PDFF measurements
between the two sequences (16.61 +13.28% for breath-
held, 16.96 + 13.18% for navigator-gated, P =0.0409) with
a mean bias of —0.34% between sequences by Bland-Alt-
man analysis (SD, 1.1%, 95% limits of agreement [LOA],
—2.4to +1.7% [Fig. 5]). Correlation and Lin’s concordance
correlation remained very strong and almost perfect, respec-
tively, between techniques when fewer ROIs were used for
measurement of weighted mean PDFF [Table 4].

Subanalysis of patients with PDFF less than 9%

Eighteen of 42 patients (42.9%) had a measured PDFF less
than 9% by both techniques; no patient had a PDFF less than
9% on one sequence but not the other. In this subgroup, there
was only strong positive linear correlation between PDFF
values based on the weighted mean of four ROIs (r=0.615,
95% C1 0.208-0.841, P=0.0066 [Fig. 6]). Lin’s concordance
correlation coefficient demonstrated poor absolute agree-
ment, however, between the breath-held and navigator-gated
sequences (r,=0.543, 95% CI 0.170-0.780), and there was a
significant difference in measured PDFF between techniques
(4.37 +1.18% for breath-held, 4.97 +1.26% for navigator-
gated, P=0.0285). Bland—Altman analysis showed a mean
bias of —0.6% between sequences (SD, 1.1%, 95% LOA,
—2.7t0+1.5%).

@ Springer

R2* by breath-held versus navigator-gated
techniques

There was very strong positive correlation between weighted
mean R2* measurements using four ROIs obtained by
breath-held and navigator-gated techniques (r=0.837,
95% CI 0.716-0.910, P <0.0001) but with corresponding
poor absolute agreement by Lin’s concordance correla-
tion coefficient (r,=0.832, 95% CI 0.712-0.905 [Fig. 7]).
However, there was no statistically significant difference in
weighted mean R2* measurements for the two techniques
(29.3+4.7 s~! for breath-held, 29.6 +5.2 s~! for navigator-
gated, P=0.549). Bland—Altman analysis revealed a mean
bias of —0.27 s~! between sequences (95% LOA, — 6.0 to
+5.4 57! [Fig. 8]).

Qualitative motion assessment

There was a significant difference in the frequency of clini-
cally limiting motion between images acquired with the
breath-held and navigator-gated techniques (47.7% [20/42]
of breath-held image sets had clinically limiting motion
versus 88.1% [37/42] of the navigator-gated image sets,
P=0.0001). Univariable and multivariable linear regression
showed no association between age, sex, BMI, or weighted
mean PDFF and the presence of qualitative clinically limit-
ing motion on the breath-held sequence.

For 17 of the 42 patients (40.4%), qualitative motion
scoring was categorically different (not clinically limit-
ing versus clinically limiting) between the breath-held and
navigator-gated sequences. In all of these cases, clinically
limiting motion was present on the navigator-gated but not
the breath-held sequence. Comparing the motion-concordant
and discordant (between sequences) cohorts, there was no
significant difference in the difference in measured weighted
mean PDFF between sequences (difference of 0.66% in
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Fig.2 Scatterplot showing weighted mean liver PDFF by four ROIs
versus a single ROI for the breath-held (a) and navigator-gated
sequences (b)

the concordant cohort, 0.90% in the discordant cohort,
P=0.3338). That is to say, the discrepancy in measured
PDFF between sequences was neither significantly greater
nor smaller in patients who had substantial differences in
motion between the two techniques.

20000+

15000+

10000+

Mean ROI Size (mm?)

5000+

Breath-Held Navigatt.)r-Gated

Fig.3 Box and whisker plot of mean total ROI size for liver PDFF
measurement by breath-held versus navigator-gated techniques

Navigator-Gated PDFF (%)

0 10 20 30 40 50
Breath-Held PDFF (%)

Fig.4 Scatterplot of weighted mean liver PDFF by four ROIs for the
breath-held versus navigator-gated techniques. 95% confidence inter-
val demonstrated by dashed lines

Discussion

Multi-echo Dixon sequences like IDEALIQ® (GE Health-
care, Waukesha, WI), mDixon Quant® (Philips Healthcare,
Best, The Netherlands), and q-Dixon® (Siemens Health-
ineers, Erlangen, Germany) can non-invasively estimate
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liver fat and iron-related signal decay through measure-
ment of PDFF and T2* (or R2*) values. These sequences
are typically acquired in a single breath hold which, as
implemented on the MRI scanners in this study, lasts
approximately 25 s. Liver PDFF and T2* (or R2*) serve
as imaging biomarkers and thereby impact the medical
care of patients, including children, with liver disease [28,
29]. As such, it is important that accurate data are acquired
even in patients with limited breath holding capacity. Res-
piratory triggering of an mDixon sequence could provide
theoretical benefits of avoiding anesthesia and/or obtaining
higher quality images in populations with limited breath
holding capacity, such as children and some adults. To
date, there are limited data regarding the use of respira-
tory compensation with navigator pulses to perform free
breathing quantitative multi-echo Dixon imaging, particu-
larly in children. One study in adults showed that respira-
tory gating techniques, including bellows and navigator
echoes, provide valid PDFF and R2* values compared
with breath-held images [30].

Our results demonstrate that, in a population of children
and young adults with a range of hepatic fat fraction values

Breath-Held PDFF (%)

Fig.6 Liver PDFF measured by a weighted mean of four ROIs for
the breath-held versus navigator-gated techniques in the PDFF <9%
subgroup. 95% confidence interval demonstrated by dotted lines

(approximately 2-48%), qualitatively severe respiratory
motion artifacts are more frequent when using a navigator-
gated technique than a breath-held technique, despite the
approximately 25 s breath hold required for the breath-held
sequence. These results contradict the findings of a prior
study of adult patients by Motosugi et al. which demon-
strated no significant difference in image quality between
mDixon sequences acquired with breath holding versus
respiratory gating with bellows versus respiratory gating
with a navigator echo [30]. We do note, however, that in
that study, “poor image quality” was seen more often on
images acquired with respiratory triggering, though the
difference was not statistically significant [30]. The expla-
nation for our finding of significantly increased frequency
of motion artifact with respiratory triggering is uncertain,
but further optimization of the sequence and acquisition is
clearly warranted.

Table 4 Pearson correlation

. - PDFF groups compared Pearson correlation Lin’s correlation coef-

and Lin’s correlation constant ficient

coefficients for PDFF by ROI

number for breath-held versus 95% CI P-value T, 95% CI

navigator-gated techniques
1 ROI BH versus 1 ROI NG 0.993 0.986-0.996 <0.0001 0.992 0.985-0.996
2 ROI BH versus 2 ROI NG 0.995 0.990-0.997 <0.0001 0.994 0.990-0.997
3 ROI BH versus 3 ROI NG 0.996 0.993-0.998 <0.0001 0.996 0.992-0.998
4 ROI BH versus 4 ROI NG 0.997 0.994-0.998 <0.0001 0.997 0.994-0.998

BH breath-held, NG navigator-gated, CI confidence interval
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indicate 95% confidence intervals

Despite qualitatively worse respiratory motion artifact
on the respiratory-compensated images, there was no sig-
nificant difference in mean measureable ROI size between
the breath-held and navigator-gated sequences, and there
was very strong linear correlation and almost perfect Lin’s
concordance correlation (r,=0.9965) between weighted
mean PDFF values derived from the two sequences for the
population as a whole. Mean bias was only 0.3% fat frac-
tion between the two techniques, suggesting that, if areas of

artifact are avoided when placing ROIs, respiratory motion
artifact does not clinically significantly impact measured
liver PDFF. To put this bias in context, prior research has
shown the mean bias of PDFF between field strength and
imager manufacturers to range between 0.9 and 2.6% (95%
LOA +2.8%), which is higher than the bias observed in our
study [25, 31]. Moreover, Middleton et al. showed that in a
population of children with NAFLD, a change in PDFF of
+5.5% or — 11% was 90% specific for a change in histologi-
cal steatosis grade [16]. This degree of clinically relevant
change in measured PDFF is much greater than the bias in
measured PDFF between techniques in our study. As such,
the small bias observed between acquisition techniques is
likely clinically inconsequential.

Of note, in the subset of patients with lower PDFF values,
where measurements of PDFF are known to be more vari-
able, correlation was only strong (versus very strong in the
overall population), and absolute agreement based on Lin’s
concordance correlation was poor (versus almost perfect in
the overall population) [25]. Notably, 95% CIs of the cor-
relation measures for this subpopulation did not overlap with
those of the population as a whole, suggesting that correla-
tion/concordance between techniques is significantly weaker
in patients with lower (normal and mildly elevated) liver fat
fractions. This result likely reflects the known higher vari-
ability in PDFF measurements at lower PDFF values more
than it does differences between the sequences being tested
in our study [25]. We do note, however, that even in this
subgroup, mean bias in PDFF was only 0.6% between the
breath-held and navigator-gated techniques, a difference that
likely is not clinically relevant unless it results in a patient
being erroneously categorized as having (or not having) an
abnormal fat fraction based on a PDFF threshold.

Similar to PDFF measurements, there was very strong
linear correlation between measured R2* values on breath-
held versus navigator-gated sequences in the population
overall. However, the correlation coefficient for R2* was
lower than what was observed for PDFF, and absolute agree-
ment assessed using Lin’s concordance correlation was poor.
This suggests that measured R2* is less equivalent between
breath-held and navigator-gated sequences and likely more
impacted by respiratory motion artifact. Nonetheless, we
do note that while correlation was weaker for R2* than for
PDFF, there was no significant difference in weighted mean
R2* between the sequences, suggesting that this lack of per-
fect agreement may not be clinically relevant.

Although PDFF is already being used as an endpoint
in clinical trials [4, 17, 32-34], there is not yet consensus
on optimal ROI placement, size, or shape for PDFF meas-
urement [24]. Various techniques of ROI placement have
shown accurate measurement of hepatic fat compared to fat
fractions obtained by histology or MR spectroscopy [1-14,
35], and without a head-to-head comparison to support a
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superior technique, there remains variation in practice. In
our study, we used free-hand ROIs encompassing as much
liver as possible and compared PDFF values measured from
a single ROI versus the weighted average measurement for
up to four large ROIs, each placed at different slice loca-
tions within the mid-liver. Our results demonstrated very
strong correlation and almost perfect Lin’s concordance
correlation between these measurements, suggesting that
the placement of more than one large ROI may not pro-
vide any better measurement of PDFF, except in cases of
dramatic heterogeneity in fat deposition (which was not
observed in any patient in our population). These findings
support the prior work by Campo et al. that showed the
narrowest limits of agreement (LOA) between observers for
PDFF were obtained by placing the largest ROI in each of
the nine liver Couinaud segments [24]. While in that study,
all ROIs were circular and thus, may not be directly com-
parable, multiple large circular ROIs end up encompassing
the bulk of the liver, similar to what we have achieved with
free-hand ROIs in our study.

There are several limitations to our study. First is the
small number of patients, limited age range of patients, and
limited spectrum of liver diseases in our study population,
which may limit the applicability of our findings. Nota-
bly, the mean age of our study population was 15.7 years,
reflecting a population that may be better at breath holding
compared to younger or older, more debilitated patients. An
additional limitation is that only one reviewer drew ROIs for
PDFF and R2* measurements; therefore, interrater agree-
ment was not assessed. Of note, in a prior study by Serai
et al., interrater agreement was shown to be excellent using
a similar technique of ROI placement [25]. Finally, our
method of ROI placement avoided discrete areas of motion
artifact in order to be pragmatic and mimic what would be
done clinically; however, this likely inadequately reflects
differences in PDFF and R2* values that may be caused by
any motion differences between the two sequences being
compared.

In conclusion, we have shown that despite greater motion
artifacts, a navigator-gated multi-echo Dixon sequence tar-
geted at liver fat fraction measurement produces PDFF val-
ues that are almost perfectly concordant with values from
a breath-held sequence and thus may be a useful clinical
tool if breath holding cannot be achieved. Further, we have
shown that a single large ROI produces similar PDFF values
to multiple ROISs, obviating the need to place more than one
ROI to measure hepatic PDFF.
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